Abstract
Introduction

G-protein-coupled receptor (GPCR)-associated sorting protein (GPRASP) family proteins are generally involved in the modulation of GPCRs
. Several proteins, including the sorting nexins and GPRASPs, have been described as regulating the post-endocytic sorting of GPCRs to the degradative pathway [1, 6] . Currently, only one member of the GPRASP protein family has been characterized, GPRASP1, which is an intriguing sorting protein that demonstrates selectivity for specific GPCR family members. GPRASP1 interacts selectively with the ␦ opioid peptide receptor 1 (OPRD1) and the D2 dopamine receptor (DRD2) but not with the OPR1 (OPRM1) or the DRD1 [1, 2, 7] . GPRASP1 binding contributes to the functional down-regulation of OPRD1 [1] , DRD2 [2] , cannabinoid receptor-1 [8, 9] , bradykinin receptors [10] and viral chemokine receptors [11] . 1 (Ntrk1) , phosphatidylinositol 3-kinase and growth factor receptor bound protein 2-associated protein 1 signalling pathways [13, 14] . Interestingly, Per2 also interacts with GPRASP1 and links the circadian system to oestrogen receptor activities, which suggests that this family may be involved in the regulation of the endocrine system [15] . The expression pattern of Gprasp1 is particularly high in the hypothalamus and the suprachiasmatic nuclei [13] .
Recently another member of the GPRASP protein family, GPRASP2 has been demonstrated to interact with huntingtin protein, HTT, which suggests that members of this protein family may participate in additional activities besides their important role in controlling the function of GPCRs [12]. For example, GPRASP1 was discovered as the Per1 (period homolog 1)-interacting protein in the suprachiasmatic nucleus (also known as Pips) because it interacts with the clock-related protein Per1 and is involved in nerve growth factor (Ngf)-mediated neuronal survival via the neurotrophic tyrosine kinase receptor type
Recently, we identified the novel protein p60TRP (also known as BHLHB9 or GPRASP3), which contains a basic helix-loop-helix 2463 [16] .
(bHLH) motif that distinguishes it from other members of the GPRASP protein family. P60TRP regulates Ngf-dependent neuronal survival and differentiation and is down-regulated in the brains of patients with Alzheimer's disease (AD)
To further explore the potential neurophysiological function of p60TRP with a special focus on AD-related signalling, we generated p60TRP transgenic mice, neural stem cells (NSCs) and PC12 cells overexpressing p60TRP. Our in vitro results show that p60TRP mediates neurogenesis through its influence on the expression and signalling of pivotal proteins such as the leukaemia inhibitory factor receptor (Lifr), Notch1, N-cadherin (Cdh2) and the ␤-amyloid precursor protein (App) [17, 18] [19] [20] [21] .
Materials and methods
Reagents
Unless indicated, all reagents used for the biochemical methods were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies
The antibodies used included polyclonal anti-mouse-p60TRP antibody 
Growth factors
Establishment of the transgene and the transgenic p60TRP mouse lines
The p60TRP mouse lines were generated analogously to a previously described transgenic 'synapsin-I-Ras' mouse [22] .
Mouse brain perfusion, immunohistochemistry (IHC) and immunocytochemistry (ICC)
Mouse brain perfusion, IHC, ICC and NSC cultures (proliferation and differentiation) were performed according to previous reports [18, [23] [24] [25] [26] . [27] .
P60TRP-containing lentivirus stock solution
Cell culture
PC12 cells (ATCC) were cultured according to standard procedures [16, 27] . PC12 cells and NSCs were transfected using a lentivirus expression system following established protocols (Invitrogen) [23, 24] .
Radial arm water maze (RAWM) test to analyse cognitive functions in p60TRP transgenic mice
The recently described RAWM test was used because it is the most reliable method for detecting memory deficits in transgenic mice; it robustly discriminates the learning abilities between mice that learn well and those that learn poorly [28] . Fig. 1D and E) . Because p60TRP was originally identified in an AD-related study [16] and interacts with the protein phosphatase 2A (PP2A) [16] , which is related to many pivotal signalling pathways, including those that are crucially involved in the pathogenesis of AD [29, 30] and the differentiation of NSCs [31] , we performed a PP2A activity assay. We observed considerably higher PP2A activity in NSC-p60. Enhanced PP2A activity further confirmed that p60TRP is a survival and differentiation promoting protein that directly regulates PP2A activity (Fig. 2D) [16] .
P60TRP modulates the expression and cleavage of pivotal NSC regulator proteins
We investigated the role of p60TRP in the proteolytic cleavage (regulated intramembrane proteolysis) of proteins that are important for the control of stem cell proliferation, self-renewal and differentiation [33] [34] [35] [36] (Fig. 3B and D) [37, 38] . Because of the higher levels of App's C-terminal fragment ␣ (CTF␣ [~11 kD]) in NSC-p60 (Fig. 3B) , we examined Bace1 and Psen1/2 expression. Reduced levels of both Bace1 and Psen2 were observed in NSC-p60 ( Fig. 3B and C) . Interestingly, App phosphorylation remained inhibited despite exposure to Ngf (Fig. 3E ). This result was further confounded by the observation of increased activation of the Mapk10 (Jnk3) and Cdk5 kinases, which are known to be responsible for the phosphorylation of App [39, 40] 
. One possible explanation for this observation is that the cells countered the intense dephosphorylation of App mediated by overexpression of p60TRP via PP2A activation (Fig. 3F). However, App phosphorylation was not observed in differentiated NSCs (control and NSC-p60), thus indicating that differentiation of NSCs may require the dephosphorylation of App (compare Fig. 3E and G). App dephosphorylation during neuronal differentiation seems to be a general characteristic because we observed this phenomenon also in other systems, such as Ngfmediated differentiation of PC12 cells (Fig. 4C) and retinoic-acidmediated differentiation of neuroblastoma cells (data not shown).
However, others have reported increased phosphorylation during neuronal differentiation, it might be possible that the depshosphorylation depends on the system used [41, 42] -in particular, as the specific App-dependent mechanism during NSCs differentiation still needs be investigated [17] .
We also found that p60TRP, like GPRASP1 [1] , mediated the down-regulation of the ␦-opioid receptor, Oprd1 (Fig. S1 ). [18, 32] [43] . PC12 cells were utilized in the present study for both p60TRP overexpression and p60TRP mRNA knockdown by specific siRNA to study the effect of p60TRP on survival and Ngf-mediated neuronal differentiation (Fig. S2A) .
kD product is clearly visible in non-differentiated NSCs, it is almost undetectable in differentiated NSCs suggesting that p60TRP and its cleavage product could be used as a potential marker for NSCs (A). P60TRP mediates neurogenesis by modulating the expression of several NSC markers, as discussed in the text. NSCs were grown as described in supplementary 'Materials and methods' before Western blot analyses. Of particular interest is the upregulation of the neuronal markers Ntrk1 and Mtap2 in p60TRP-transfected cells, although Gad and Th expression were inhibited. Actin (Actb) was used as loading control (B). Quantitative analyses of the Western blots shown in (B) was performed as described in supplementary 'Materials and methods' (* ϭ P Ͻ 0.05 compared with controls, n ϭ 4) (C). P60TRP modulates the expression and phosphorylation of several signalling molecules. NSCs were grown as in (B). P60TRP-transfected NSCs demonstrated a clear increase in the phosphorylation of the anti-apoptotic proteins Bcl2 (Ser70), Akt1/2/3 and Erk1/2, as well as a clear down-regulation of pStat3, which is essential for neural differentiation
. Tubulin (Tuba1a) was used as loading control (D). Quantitative analyses of the Western blots shown in (D) (*P Ͻ 0.05 compared with controls, n ϭ 4) (E).
Effect of p60TRP on cell survival and differentiation in PC12 cells
PC12 cells comprise a well-established model system that is frequently used to investigate neuronal survival and differentiation
Investigation [44] . Of particular interest is the enhanced phosphorylation of Bcl2 at Ser70 (Fig. 4A) , which is activated during anti-apoptotic processes [45] . Bcl2 performs its anti-apoptotic activity only when it is phosphorylated at a single site at Ser70, but multi-site phosphorylations have been shown to inactivate the anti-apoptotic function [45] [46] [47] . For example, Thr56 phosphorylation inhibits anti-apoptotic Bcl2 activity when other sites are also phosphorylated (Ser70) [48] . Consequently, p60TRP promotes the anti-apoptotic character of Bcl2 by phosphorylating the protein specifically at Ser70. The observation of reduced Mapk8/9 activation in PC12 cells overexpressing p60TRP (Fig. 4A and B) confirms our NSC data and previous results linking the activities of PP2A and Jnk [30] . It is also of interest that a cleaved product of phosphorylated Mapt was detected in NSC-p60 (Fig. 3D) , PC12 cells overexpressing p60TRP (Fig. 4A and B) and p60TRP-transgenic mice (Fig. 9B) ; however, the significance of this cleaved product remains elusive.
To determine the role of p60TRP during neuronal differentiation in PC12 cells, the cells were stimulated with Ngf ( Fig. 4B and  C) . Similar to the results obtained for NSC-p60, PC12-p60 cells showed significantly higher expression of Mtap2 compared to controls (Fig. 4C) (Fig. 4B and C) [49, 50] .
Data obtained from various signalling analyses in NSCs and PC12 cells overexpressing p60TRP strongly indicated it to be a survival promoting protein ( Figs 1D and E, 4A and B) . Consequently, we performed several apoptosis assays and confirmed the anti-apoptotic effect of p60TRP (Fig. 5) .
Because our in vitro data demonstrated interesting effects of p60TRP on the expression and processing of App, Psen1/2, Bace1 and Cdh2 and the anti-apoptotic role of p60TRP, we decided to use an in vivo system. We developed a novel transgenic mouse model in which the expression of p60TRP was driven by the synapsin-1 promoter in neurons [22] to investigate the significance of p60TRP in neuronal function. Luciferase, a bioluminescence reporter protein, was used to visualize p60TRP in vivo in our p60TRP-transgenic mice (Fig. 6 ). Fig. 8C and D) . (Fig. 9A, B and I) .
Neuronal p60TRP expression leads to enhanced neurosynaptogenesis
is clearly inhibited. Gapdh was used as loading control (A). Following a shortterm stimulation with Ngf, p60TRP (ϩp60) enhances the phosphorylation and activation of Ntrk1, whereas the activation/phosphorylation of Mapk8/9 is completely inhibited. Tubulin (Tuba1a) was used as loading control (B). As demonstrated, after long-term stimulation with Ngf, p60TRP (ϩp60) enhances the phosphorylation and activation of Stat3 and Mtap2, whereas the phosphorylation of App is inhibited. Gapdh was used as loading control (C). As in NSCs, also in PC12 cells the PP2A activity is enhanced by p60TRP. Values represent the mean (ϮSD) from three experiments, each performed in triplicate (*P Ͻ 0.05 compared with controls) (D). apical spines and intense cortical layer-I in p60TRP transgenic mice (
We then corroborated the effect of neuronal p60TRP overexpression on various crucial signalling proteins by Western blot and verified that p60TRP transgenic mice displayed higher expression of Mtap2 and Slc17a7 in the cortex and hippocampus. The expression of Gabbr1 (GABA-B receptor 1) was reduced in the hippocampus, but higher levels were observed in cortical areas
Similar to the data obtained for NSCs, p60TRP transgenic mice demonstrated reduced protein levels of the App-cleaving enzyme Bace1 (Fig. 9B) . Interestingly, the intensity of the down-regulation of Bace1 was higher in the hippocampus compared with the cortex. Similarly, reduced phosphorylation of App was observed in p60TRP transgenic mice, with an enhanced effect detected in the hippocampus compared with the cortex (Fig. 9D and Fig. 9G and H) . Cdh2 cleavage was almost abolished in the cortex and hippocampus in our transgenic mice (Fig. 9F) . In addition, as detected in NSC-p60 (Fig. 3F) , higher levels of activated Cdk5 and Cdk5r1 (a neuron-specific activator of Cdk5) (Fig. 9B ) and enhanced activity of PP2A (Fig. 9C) (Fig. 10) . during neurogenesis [54] [55] [56] [57] [58] . The Il6r family, which includes Lifr, interferes directly with Notch signalling [57] . Members of the Il6 family bind to a receptor complex of the common Il6st (gp130) component and a ligand-specific co-receptor to activate the gp130/Jak/Stat signalling pathway. This pathway regulates target gene transcription [59] . Stat3 is a major effector of the IL-6 family of growth factors, and its phosphorylation is essential for NSC maintenance and gliogenesis [55, [60] [61] [62] [63] [64] . In the present study, the NSCs overexpressing p60TRP demonstrated reduced phosphorylation of Stat3, which is a prerequisite to initiate the differentiation leading to the commitment of NSCs to a neuronal fate [18, 32] [23, 32, 64] .
E). Whereas no obvious differences in expression were observed for Psen1, the expression levels of Psen2 and its cleaved product N-terminal fragment (NTF) were reduced in p60TRP transgenic mice compared with wild-type littermates (
Fig. 5 Overexpression (ϩp60) and knockdown (Ϫp60) of p60TRP in PC12 cells (C: control, mock-transfected) affects cell survival. Reduced apoptotic cells with lower caspase-3/7 activity are observed among p60TRP overexpressing PC12 cells. Cell survival assays [Annexin-V-APC (APC: allophycocyanin) (A)-(D), TUNEL-(E), and caspase-3/7 (F) assays, (G) caspase-3 (casp3) Western blot] were analysed as described in supplemental 'Materials and methods'. Data are presented as the mean Ϯ SD of four independent experiments, each performed in duplicate (*P Ͻ 0.05 compared with controls). P60TRP-overexpressing cells displayed significantly fewer
P60TRP regulates App metabolism by inhibiting the activity of Bace1 and Psen
The processing of Notch and App by the regulated intramembrane proteolysis mechanism is remarkably similar [66] [54, 55, 57, 58] . Our data revealed a decrease in NICD (120 kD) in NSCs overexpressing p60TRP. This finding could be explained by the inhibition of ␥-secretase activity due to the reduced cleavage of Psen1/2 into NTFs and CTFs, respectively [67, 68] .
. Notch signalling in NSCs is initiated by the sequential cleavage by Adam10 (a disintegrin metalloprotease) in the extracellular domain and ␥-secretase in the transmembrane domain to produce the Notch intracellular domain (NICD). NICD forms a protein complex with various bHLH transcription factors and translocates into the nucleus to regulate gene transcription
Conversely, App is a conserved and ubiquitous transmembrane glycoprotein that is strongly implicated in the pathogenesis of AD; however, the physiological functions of App are still being investigated intensely [17, 69, 70] . During differentiation, the phosphorylation of the cytoplasmic domain of App at threonine 668 (Thr668) is regulated by Jnk3 and appears to be crucial for intracellular domain (AICD)-mediated signalling [39, 41, 71] . Recent findings have shown that phospho-App-bound Fe65 acts as a downstream element in the App signalling pathway, which negatively regulates neurogenesis [17, 72] . Increased expression of p60TRP induces the dephosphorylation of App by activating PP2A, which inhibits Bace1 [51] (Fig. 11) [17, 56, 58, [72] [73] [74] [75] [76] [77] [78] . This shift is also a non-amyloidogenic pathway because the ␣-secretase-cleavage precludes the formation of the neurotoxic ␤-amyloid peptide A␤. Here, we also show that p60TRP, which interacts with PP2A [16] , induces enhanced cleavage of the phosphorylated Mapt protein and increases PP2A activity, consistent with previous reports demonstrating an association between PP2A and Jnk activity in tauopathy [29, 30, 37] . 
P60TRP enhances synaptogenesis
Neural development and the organization of complex neuronal circuits involve numerous processes in which axons select specific partners for synapse formation. Members of the cadherin superfamily are suggested to direct individual axons to their appropriate post-synaptic partners [79, 80] . In neurons, the cadherin-catenin cell-adhesion complex regulates multiple aspects of synaptogenesis and plasticity. Cdh2 contributes to the structural and functional organization of the synaptic complex by ensuring the adhesion between synaptic membranes, organizing the underlying actin cytoskeleton and stabilizing neurotransmitter receptors [79, [81] [82] [83] [20] . Fig. 1A) 
